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Fiate 1.

A solid propeilant booster motor launches the experimental

misgile STATALTEX on a high-altitude, hypersonic { > Mact.
5) test flignt, courtesy of ONERA.



Plate 2. The manufacture of two first stage rocket motor chambers for

the submarine-launched Polaris A-3 ballistic missile. The
whirling arm of the machine in the rear is applying circum-
ferential wraps of glass filaments over the mandrel while the
mackhine in tne foreground is applying the final hoop wraps.
Following wrapping, the chamber is placed in an oven where

the resin impregnated filaments become a homogeneous
structure. The mandrel is then withdrawn prior to casting the
chamber with propellany; courtesy Aerojet General Corporation.
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Preface

For ten vears there has been an acute need for a textbook in the English language
on solid propellant rockets. Books have been published on propuision in general
and on rocket propulsion specifically, but these sometimes tend to de-emphasize
propulsion by means of solid propellants, in order to devote more space to topics
such as liquid-propellant or nuclear propulsion, which have occasionally been
deemed more exciting or more exotic in some respects. The most recent book
in English which is devoted exclusively to solid propellant rockets is the short
monograph by Wimpress, entitled 'Internal Ballistics of Solid Propellant Rockets’
and published in 1950. There are two recently published books in Russian on
solid propellant rockets, one by Kurov and Doljanski (1961) and one by Zeldovich
and Rivin (1963), but these have not been translated into English yet. The need
for an English-language text on solid propellant rockets providzd the underlying
motivation for writing the present volume.

The objective of this book is twofold, first to present basic material on solid pro-
pellant rcckets which can be used for classroom instruction and second to carry
the reader to the frontiers of research in a number oi specific areas of solid pro-
pellant rocketry. Although there is some material (e.g., Chapters 1, 2 and 12)
which might appropriateily be used in undergraduate courses, the instructional
value of the book lies primarily at the graduate level. An attempt has been made
to enhance the educational utility of the monograph by presenting the more ele-
mentary aspects of the subject first (Chapters 1 to :), before proceeding to de-
tailed and more advanced treatment of specific areas of research (Chapters 5 to
11). An attempt has also been made to present the research topics in a peda-
gogic manner, to aid the graduate student or the practising engineer who is not
familiar with the subject material.

Research workers in the field of solid propellant rocketry should find this present-
ation useful, both as a reference to previcus research endeavors and as a guide to
desirable avenues for future research. The book delves more deeply into a number
of areas of research than any previous volumes on the subiect have done. Indeed.
progress in the field has been continuing so rapidly that it has not beer possible

for earlier bocks to at‘ain the depth of the present monograph in the specific areas
of research chosen for emphasis herein.

It seems appropriate tc record here the parts of the book for which each author
assumed primary responsibility. Huang wrote all of Chapter 11, except for Sec-
tion 4 on Failure Analysis which was prepared by Barrére and Section 1.1 which
was prepared by Willizms. The rest of the book was written jointly by Barrére
and Williams, with Barrére preparing the first drafts for Chapters 3,4.5, 7 and
for most of Chapter 8, and with Williams preparing the first drafts for Chapters
2,6. 9and 10. Chapters 1 and 12 were written jointly by Barrére and Williams,
who alsu jointly revised successive versions of the entire monograph in an effort
to make 1t into a coherent work. Williams is responsible for the final English-
language editing of the manuscript.

We wish to thank many of our colleagues, especially those at the University of
California, San Diego, at the Office National d'Etudes et de Recherches Aero-
spatiales and at the Direction des Poudres for numerous stimulating discussions
relating to many aspects of this work, The list of names of those to whom we are
indebted is too long to be presented here. However, we must explicitly thank
Professor S.S. Penner for hig interest and for his aid in initiating this work,

Dr. W.R. Maxwell for his constructive review of ithe monograph and Mr, E. W.
Price for his welcomed review of Chapter 9. The many hours spent by Simone
Barrére and especially by Paulette Thompson in proofreading and typing successive
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versions of the manuscript were essential to the successful completion of the book,
One of us, F.A. Williams, wishes to thank the Propulsion Division of the Air Force
Office of Scientific Research for continued support of research (Crant No. AF-
AFOSR-927-67 and also Project THEMIS) on related subjects during the writing of

L

this material. Another author, M. Barrere thanks the Direction des Poudres for
granting permission to publish some results which were obtained under contract.
Wu also extead our thanks to AGARD for supporting this writing under a contract
supervised helpfully by Colonel Ch. Lupold.

M. Barrdre Paris, France
N.C. Huang

La Jolla, California
F.A. Williams
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constant {sce Eq. 1-5)
initial vehicle acceleration

thrust

average acccleration of gravity experienced by vehicle over its flight

path

gravitational conversion factoy

specific impulse

constant of propo-tionality between Ay, andarea
constant of proportionality, dependept on techrology
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payload weight

propellant weight

structure weight

structure weight proportional to thrust

structure weight proportional {o initial propellant volume
launch weight

mass ratio of rocket vehicle

burning time

= M, /MU ratio of payload mass tc launch mass
=DM, /Mp , ratio of payload mass to propellant volume
constant (see Eq. 1-5)

velocity change imparted to a given payload

loss in velocity increment due to drag

propellant density

cnsine of angle between vehicle trajectory and vertical



An Introduction to Solid Propellant Rocket
Motors- Generalities

1. Introduction

In general a vehicle is propelled by forces, termed thrusts, which provide a desired
component of acceleration. 7These forces can be produced in a variety of ways.
Solid propellant rockets are examples of a pure reaction system in which the pro-
pulsive forces are produced by the ejection of mass (propeliants) initially contained
in the system. Self-contained systems of this type are called rocket motors and
can operate in space as well as in atmospheres, siice ey do not require an ex-

ternal propulsive fluid.

Fcur categories of rocket motors may be defined, according to the physical state of
the propellant materials carried within the rocket. These are solid propellant
motors, liquid propellant motors, gaseous propeilant motors and hybrid motors
(which contain propellants stored in at least two of the three physical states of
matter}. The solid and liquid propellant motors and the hybrid motors employing
solid-liguid combinations are of greatest practical interest because of the heavy
tanks needed to store large masses of gas. This book is concerned only with the
first of the four categories, solid propellant rocket motors. Additionally, attention
ie restricted to chemical propulsion, for which energy that ig necessary for pro-
ducing large thrusts is stored in the form of chemical energy ol the propellants,

A solid propellant rocket is the simplest form of chemical propulsion. The fuel
and oxidizer are both incorporated in a single solid, called the propellant grain,
located inside a container called the combustionchamber. This chamber ig large
in comparison with the combustion chamber of a liquid propellant rocket motor.

A schematic illustration of this type of motor is shown in Fig. 1-1(a). The grain
shown here is tubular with a star-shaped cross section. A device called an igniter,
which is designed to initiate the burning, is placed inside the central cavity of the
combustion chamber. After ignition .Je hot gases, which are produced when the
solid burns, flow through the central cavity and are accelerated to a high velocity
by 1n2ans of a nozzle. It will be seen in Chapter 2 that the resulting ejecticn of
gases at high velocity greatly enhances the production of a propulsive thrust on the

motor.

During combustion, gases evolve from the solid propellant grain only at its surface.
Thus, the surface of the solid regresses normal to itself during burning, a: the
""linear regression rate' of the propellant grain. The combustion ge~es come
into contact with the outer shell or case of the chamber only at the end of a firing.
The purpose of the case is tc contain the propellant and to withstand the high cham-
ber pressures that are produced during combustion. Figure 1-1(a) emphasises the
simplicity that arises from storing the propeilant inside the chamber.

I is apparent from Fig. 1-1(a) that the principal parts of a solid propeiiant rocket
motor are the grain, the case, the nozzle and the igniter. For comparison,
schematic diagrams of liquid and hybrid rocket motors are shown in Fig. 1-1(b)
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and 1-1(c}. In a typical liquid propeilant motor, fuel and sxidizer are stored in
separate tanks, They are conveyed to the combustion chamber by means of a1 feed
syster, and are injected into the chamber and partially mixed by means of aa injec-
tion system. The principal parts of the liquid propellant motor are thus the tinks,
the teed (and control) system, the combustion chamber and the nozzle.  The hybrid
moto: illustrated in Fig. 1-1{c} contains a soiid fuel and z liquid oxidizer. Its
main components are an oxidizer tank, a feed (and control) system, an injection
system, a combustion chamber, a solid fuel grain and a nozzle,

It will be seen in Chapters 2 and 3 that the propuision systems illustrated in Fig. 1-1
rely on exottermic chemical reactions for their effectiveness. There are numerous
applications (such as space propulsion) for whick these chemical rockets are cur-
rently the most impcrtant prgpulsive ‘'work horses''. The role und current standing
of solid propellant rockets among these work horses will be discussed on page 19

ter we have described soiid propellant rockets in somewhat greater detail (page 4 )
and classified them according tc their use (page 8 ). A brief history of solid pro-
peliant rocketry is given on page 4 and an outline of the development of the rest of
this AGARDograph is p-~sented on page 31 . Additional material relevant to solid
propellani reckets may .~ found in the bibliography listed as Ref. 1-16.

2 Desc-iption and Brief History
2.1, Descripticn of Current Solid Propellant Rockets

We shall now discuss {he sclid propellant rocket system more deeply in ordev to
accustom the reader to some specific terms used in solid rocket technology. The
system is composed of four basic parts:

-~ the propellant grain
- the case

- the nozzle

- the igniter

The propellant generally consists cf an oxidizer and a fuel, and the most common
type today consists of crysialline ammeoenium perchlorate dispersed in a plastic
fuel binder. The performance of this propellant is increased by the addition of
finely ground light metals, such as aluinainum. The basic propellant defined here
is an exampls of a composite propellanrt, and the addition of metals is referred to
as metalization, The mean size of the ammonium perchlorate crystals is of the
order of 504, and that of aluminum powder is typically 5 to 30x. The utilisation of
a plastic binder enables one to construct large-size grains with good mechanical
properties. These grains may ve fabri.ated outside the casing or poured into it.
In addition to composite propellants, double-base solid propellants are also uscd;
these were the principal solid propellants twenty years age. They consist of a
mixture of nitrocellulose and nitroglycerin, each ol which possesses both fuel and
oxidizer characteristics. The periormance of this aouble-base propellant is
lower than that of the composite sropellants just described.

The grain geometry provides 2 basis for a prelim’rary classification of solid rockel
propulsion systems. The grain configuration wil .ssentially depend upon the
mission, i.e. upon the thrust and burning time, or more preciseiy upon the thrus.-
time history. Once the grain is ignited, burning generally progresses until the
propellant is completely consumed.  The biining surface geometry and its (ime
evolution will then impese the thrust-time history. The grain is calied neutral if
the thrust remains constant duriag the entire burning history. This occurs when
the total burning surface area Jdoes not vary with time. There also exist pro-
oregsive grains for which the thrust increzses with time and regressive graing
which the thrust decreases with fime. Internally burning cylinders or tubes
. 2 progressive, while rod-shaped grains are regressive. The mest common
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current configurations are star-shaped cylindrical grains which previde a relatively
Iarge pronellant surface area {or burni gas emission while maintaining approxi-
mately neutral burning. The motor burning time depends upon the propellant
thickness and generally increases with increasing rocket size.

The star-shaped cross-section is not the only grain geometry used; more complex
cross-sectionzal shapes are also employed. Complex geometries correspond to
special appli—ations, e.g. a high gas flow rale may be obtained by increasing the
surface area of the propellant. These different configurations will be studied in
detail in Chapter 4. However, we note here that neutral burning is also achievable
with coaxial cylinders, although this geometry poses problems associated with the
necessity of exposing grain supports to the hot gaseous combustion products. The
simplest grain configuration is a cylinder burning at its end (cigarette burring},

but this configuration has a low ratio of burning area to nozzle throat area, and is
applicnble only for long burning times and low values of the tnrust per unit cross-
sectional area of the rocket. Besides cylindric2! grains, spherical grains are
useful for some applications. Grain neutrality is difficult to obtain in spherical
configurations, but it can be produced by employing grains with two compositions
having different burning rates. Grain configuration controls the thrust-time pro-
gram of solid rockets and has to be adapted to each mission.

The geometry of the motor case is related to that of the grain. Case degign also
depends on the application. Two principal types of casing materials are currently
employed, metalic materials and glassy materials. Engineering problems arise

in connection with the selection of case materials, case manufacturing proces<es

and the tradeoff between :onflicting requirements of light weight and reliability. Three
important elements mus!. be considercd in motor case design:-

a) the mechanical load (during motor oper:.ion the case is subjected to high
pressure, several tens of atmospheres):

b) the thermal load (some parts of the case which are: in contact with burnt
gases must be thermally protected);

¢) the auxiliary means of thrust-vector control (devices for controlling the
direction of the force vector acting on the rocket are structurally
supported by the case).

Many metalic materials, such as steel, are useful for motor cases because they
tend to have a high modulus of elasticity and a high yield strength, and also
because the associated dynamic problems (vibration of the structure) are less
difficult to solve. Expansion of the propellant grain is a less severe problem

with metalic cases than with glassy cases. Of the many glassy composite mater-
ials that have recently been considered for motor cases, the one that currently is
adopted most often consists of wrapped fiberglass filaments impregnated with geli-
fied epoxy resin. Many rnachines have been developed for fiberglass case
winding. A machine designed by Aerojet-General Corporation for manufacturing
I’»laris rocket motors is shown in Plate 2; more than one and a half million miles
of glass filament go into ¢ach chamber measuring more than 14 feet long and 4%
feet in diameter. The acdvantage of glassy cases is that they often provide
lighter-weight structures than metalic cases.

The propellant grain-case bonding must te accomplished with care. A plastic
liner is generally inserted between grain and case. The liner has a manifold
purpose: it acts as a com»pustion inhibitor, it prevents the burnt gases from
coming into contact with the case, it protects the wall thermaliy when the burning
surface reaches it ara it actr as a mechanical bonding between grain and casing.
A careful choice of liner is lmpc-tant because its weight and volume are not
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negligible compared with that of the empty rocket. Thermal protection of the for-
ward and rearward portions of the case that are exposed to hot gases during the en-
re firing is achieved by using high-temperature, often silica-reinforced plasiics.

The nozzle attached to the downstream end of the rocket motor consists of a con-
vergent section, a narrow-diameter throat and a divergent secticnn. It wiil be
seen in Chapter 2 that thege three elemcnts are ieeded in order to accelerate the
hot combustion gases to the high velocities required for efficient production of
thrust. Since solid propellant rocket nozzles are generally uncooled, it is neces-
sary to use nozzle materials capable of withstanding a high thermal load. The
manner of thermal protection of the convergent section will depend upon the aft-end
geometry (single or multiple nozzles). Thermal protection of the throat is the
greatest nozzle problem because the maximum heat transfer occurs there. 7hethroat
must generally be constructed from layers of different materials. The layer that
sees the hot gas is composed of a high-temperature, refractory or metal material
that exhibits a good resistance to erosion (e.g. tungsten, or graphite covered with
tungsten); for large rockets it is sometimes possible to permit some erosion of
the throat, so that uncoated graphite throat inserts can be employed. A material
with a higher specific heat and a lower thermal conductivity is usually placed
underneath the throat insert in order to absorb the heat load and to prevent it from
being transmitted to the rest of the structure. Finally, a inaterial having good
mechanical properties is placed outside in order to resist the transmitted
pressures. The divergent section is often composed of an ablative material (such
as reinforced plastic).

Rapid thrust termination is required in certain applications, e.g. at staging times
for satellite launchers. This is often achieved by means of openings located at the
head end of the motor (the opposite end from the nozzle) and initially blocked by
diaphragms. These diaphragms burst on command, thereby exposing the chamber
to the ambient atmosphere. Most of the chamber gases then begin to exhaust
through the head end, causing first thrust direction reversal and then extinction due
to the rapid gas expansion. The presence of such openings in the case raises
some structural problems, especially for fiberglass cases; it would be necessary
either to cut some of the glass filaments or to wind the fibers around the holes
during fabrication.

Solid propellant rocket motor igniters often consist of electrically initiated, con-
rentional pyrotechnic compositions. The combustion of an auxiliary propellant con-
tained in the igniter generates hot gases which come into contact with the grain
surface and induce ignition of the grain. These pyrotechnic rompositions generally
consist of oxidizer-metal mixtures (e.g. potassium perchlorate-aluminum). The
igniter combustion often produces hot condensed particles (e.g. solid or liquid
alumina) which impinge on the grain surface, causing high local heat transport and
local ignition of part of the surface area, followed by propagation of the flame to
the rest of the grain. Mechanical properties of pyrotechnic compositions are
usually such that for safety they must be shaped into pellets, which are placed in-
side a perforated enclosure, positioned so that the burnt gases will come into con-
tact with the grain surface. For long rocket motors, sometimes small auxiliary
rocket engines are used as igniters in order to provide more nearly simultaneous
ignition of the entire grain surface than could be achieved with conventional tech-
niques that rely on flame spread.

2.2 History

Although the origin of rocketry is obscure, undoubtedly the first rockets used solid
propellants. Rockets are believed to have originated either in China or in Greece.
The idea of employing rockets as weapons reached Eurcpe in about 1250; their

invention is mentioned by Arabic scientists in a book called "Liber Ignum" (Book of
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+ 1 rom thig date onward, many solid propellant rocket weapons have been
b 1d used in battles. Around 1800, rockets varying in weight from 8 to
«re onstructed in England (William Congreve) (Fig.1-2) and the

‘0 lseun oo projectile was improved by William Hale.  That such weapons
Jere put o use is demonstrated, for example, by the fact that the British attacked
Copenhajyen in 07 with some 38, 000 rockets.  Froiu the military poini of view,

rocket weapons have continually progressed to their current state of sophistication.

It is curious to note that astronautics pioneers like Ziolkowsky in Russia. Oberth in
Germany, Soddard ir e United States and Esnault Pelterie in France, whose
studies were carried ouf between 1900 and 1930, considered only liquid propellants
for epace missions because they believed that liquids were essential fcr providing
eufficient energy for such operations. This opinion rested on the fact that until
1900 black powder, consisting of charcoal, sulphur and saltpeter, was tiie material
used as a solid propeilant. Even in 1932, after changes in the propellant com-
position that resulted in sizokeless powder (double-base composition) no grounds
existed for forecasting performance improvements that could lead to the possibility
of using solid propellants for space flights. Later, double-base solid propellants
were considered for such applications hecause of their improved mechanical prop-
erties and higher performance. The mechanicai properties of double-base pro-
pellants enabled one tc envisage grain geometrics with large combustion areas and
consequently high thrusts.

But the most important step in the progress of solid propellant rocketry was taken
in 1944 by the Jet Propulsion Laboratory research workers, who developed the
GALCIT propellant, consisting of approximately 75% potassium perchlorate and 25%
asphalt-oil mixture. The development of this composite solid propellant was to
open a vast field of research on high-energy solid propellants. This GALCIT pro-
pellant had some d2fects such as poor temperat.re zensitivity which led to bad be-
havior at low temperatures. However, hundr=ds of thousands of JATO-type

rocket engines for assisting aircraft take-offs werc constructed using this pro-
pellant and the working safety of solid prope:iant rockets was thus demonstrated.

Solid propellant rocket techniques have been widely improved since 1955, princi-
pally in two directions:

a) development of propellants with higher performance (specific impulse
and volumetric specific impulse - see page 19 for preliminary definitions of these
two terms) and with better mechanical and combustion properties;

b) development of light-weight structures for cases and for other motor
components.

These improvements have led to the construction of high performance engines that
can compete well with liquid or hybrid systems. One end result is the use of
large solid-propellant motors as powerful boosters, such as in the "zerc stage"”

of the TITAN III C, which achieves a total thrust of 2.4 million pounds from two
large solid-propellant, segmented motors strapped on either side of a first-stage,
liquid-precpellant, core motor (parallei stagitg). Another result is the completely
successful static test firing of a 260 in. diameter solid-propellant rocket motor
containing 1,673, 000 lb. of propellant and producing more than 3 million lb. threst.
A third consequence is the use of very light solid-propellant engines for upper
stages of satellite launchers, having a ratio of propellant weight to total weight
exceeding 90%.

3. Classification

Trere are several possible basee for categorizing current types of rocket propul-
sion systems. For solid propellant rockets, we use here a very elementary
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Fig. 1-3 Joining technique for segments of 120 inch solid-propellant
motor. A crane lowers the 50 ton segm. .. Photo, courtesy
of United Technology Center

Fig. 1-4 Static test firiug of 120 inch diameter s<¢_ aented rocket motor.
Photo, courtesy of United Technology Center.
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classification scheme based on the field of application. The principal applic- ‘ions
of solid propellant rocket systems can be listed under the following headings:

Rocket motors for lower stages (boosters)

Rocket motors fur upper stages of bellistic misaeileg and for space vehicles
Satellite launchers (complete vehicles)

Sounding rockets

Auxiliary rocket motors designed to perform specialized functions in the
guidance and control of vehicles

Assisted take-off rocket motors for aircrait

Military applications, e.g. guided weapons, unguided bombardment and
air-to-air rockets

Diverse applications

3.1 Rocket Molors for Lower Stages (Boosters) - Solid propellant systems are of
interest for use a3 boosters because their high propellant density leads to improved
overall performance which in some instances excceds that of ccmpetitive liquid
propellant systems (see page 19 ). After the February 23 1966 successful test of
a 260 in. diameter rocket motor, it is now possible to consider very powerful

first stages using solid propellants. The era of solid propellant boosters is in its
infancy; in some such applications they are already beginning to replace liquid
propellants.

The 260 in. motor provides onc example of a large solid propellant booster rocket.

It employs a composite propellant consisting of polybutadiene, ammonium perchlo-
rate and aluminum. Some data that we have not already menticned is that the
pressure incasured in the chamber during the full-scale test was very close to the
calculated ore; it reached its maimum value of 601 psia after 40.5 seconds. The
effective burning time was 114 seconds and the peak thrust was 3. 51 million pounds.
The ignition period lasted 335 milliseconds. The nozzle throat ablated at a rate of
4.8 x 1073 in. per second.

Another example of a large solid-propellant booster rocket is the strap-on motor
developed by United Technology Corporation for the TITAN III C, which is an im-
proved version of the TITAN Il miissile.  This application illustrates the "zero-
stage” concept for improving capabilities of existing boosters; viz., an operational
launch vehicle can effectively be launched from a high altitude by providing the
entire vehicle with a (zero-stage) booster. Often this approach affords a less
expensive solution to the problem of achieving higher weights in orbit than is
afforded by the development of a new launch vehicle. The TITAN IIIC strapon
zero-stage motors are each 120 in. in diameter and develop more than one million
nounds thrust each. The complete vehicle was successfully fired on December 21,
.965.

Each strap-on motor for the TITAN III C consists of 5 semments, weighs about 250

tons and burns for about 120 seconds. The direction of the thrust vecto:y is con-
trolled by injecting nitrogen tetroxide through the wall of the divergent section of
the nozzle. In so large a rocket motor, the thicknesses of the walls and of the
liner are small in compar®son with the grain thickness, and the question of wall
thermal proiection can be solved relatively easily by using a protective coating
about 1 inch thick. Three 6 mm-thick layers of liner are attached to the case by
centrifugal coating, the last layer being put in just before loading. The case is made of
LADISH D6AC steel. The propellant grain is attached to each segment. The cen-
tral core through which burnt gases flow is a circular cylinder, the lateral faces of
which are not inhibited from burning. Adjacent segments are held together by
Clevis pin joints. Tbe gegment-joining technique is shown in Fig.1-3, and Fig. 1-4
presents a view of the rocket motor during firing. The operating balance of a
matched pair of motors is studied carefully for the TITAN III C application.
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Another example nf the use of solid propeliant boosters is to accelerate a ramjet to
1t3 operating speed. 'The experimeniz]l missile STATALTEX, intended for studying
high-altitude, high-speed ramjst propuision {flight Mach number greater than 5) is
shown on Plate 1. This ramijet is launched by a solid propellant booster.

There are, of course, a varietv of other large =cale and small-scale booster appli-
cations of golut propel'nuy. rockets.

3.2. Rochet Motors for Upper Stages and for Space Yehicles - Solid propellant rockets
are also used as injection stages for sateilites and as slow-down stages to initiate
atmospheric re-entry. The change in vehicle spe2d (Av) required in these applica-
tious is obtained most easily by using very light rocket motorg rather than pro-
peilants with high <pecific impulse. Reinforcesd plastic cazes can lead o propell-
ant mass fractions (ratios of propellant mass to total vehicle mass) higher than
0.9. An example of a 30lid propellant rocket used in such space applications is
showrn in Fig.1-5; this motor has been developed by Hercules Powder Company for
orbiting 2 spacecraft whose purpose is tc detect high-altitude nuclear explosions.

The third stage of SERER Diamant launcher i8 shown on Fig.1-6; its characteris-
tics are as foillows :

Length 2.66m

Diameter 0.55 m

Case wound fiberglass (impregnated with
phenolic resin)

Empty weight without igniter 67.9 kg

Propellant Isoiane (polyurethane composite),
weight 641 kg

Turning time 45 =seconds

Thrust varying between 2, 700 and 5, 300 kg

Nozzle throat diameter 9.6 cm

Divergent nozzle section material orthostrasyl (ablative plasticj

Solid propellant systems are ill-adapted to the propulsion of space vehicles that re-
quire rocket motors with long burning times and low thrusts. However, certain
space missions are well-suited to solid rocket propulsion, narticularly when the
trajectory or orbit of the vehicle is to be modified impulsively (large thrust for
short duration). Solid propellant motors are often used as the primary means of
transmitling a specified Av to a space vehicle. Guidance gas rockets are also
needed in such systems {o provide {ine orbit adjustments after the solid rocket fir-
ings.

Many orbiling communications sateilites, (for example the SYNCOM telecommuni-
cations satellites) use solid propellant apogee rockets that are usually spherical in
shape and ‘hat place the satellite in a desired position with respect to the earth, in
order for the satellite to be able to receive and emit signals in correct directions.
The mission oi these apogee injection motors is o increase the payload speed.

Slow-down solid propellant rocket mctors of similer design are present on the
GEMINI capsules and also on soft-landing lunar vehicies of the SURVEYOR type.
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Fig. 1-5 Solid propellant motor, about Fig. 1-6 Motor for upper stage of Dia-
1ft. in diameter, used to inject satellite mant launcher, courtesy of ONERA
from orbiting vehici2 into higher-altitude

orbit, courtesy of Hercules Powder Com-

pany.

Fig. 1-7 Nike-Cajun rocket, courtesy of NASA
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3.3 Satellite Launchers - Since solid propellant systems are attractive as boosters
because of their high propellant density, and since they have become competitive as
injection motors because of the achievement of light structures, they possess most
of the qualities that are necessary for a complete satellite launcher. Advantages
of such sys*ems stem from their low manufactyring costs and from their reliability.

One of the earliest examples of a vehicle propelled solely by solid propellants and
capable of orb:ting a satellite is the SCOUT, which contairs four solid propellant
stages. The characteristics of the system are the following :

Total length : 70.98 ft

Initial weight g 36240 1b

First stage (ALGOL) Second stage (CASTOR)

Length : 30.83 ft Length : 20.70ft
Diametes : 40 in Diameter : 31in

Total weight : 23524 1b Total weight : 9471
Empty weight 8 9 600 1b Empty we’ _ht : 27001b
Thrust : 203 000 1b Thrust : 62000 1b
Specific impulse 214 seconds Specific impuise : 224 seconds
Burning time : 40 seconds Burning time : 27 seconds
Third stage (ANTARES X 254) Fourth stage (ALTAIR X 248)
Length : 11,17 ft Length : 8.28ft
Diameter : 31 in Diameter : 20 in

Total weight : 2592 1b Total weight : 6491b
Empty weight : 525 1b Thrust : 28001b
Thrust : 13 600 1b Specific impulse : 255 seconds
Specific imoulse : 255 seconds Burning time : 38 seconds
Burning time : 39 seconds

With this vehicle it is possible to piace 300 Ib in a (low) 300 n.mi. orbit. The
principal purpose of the SCOUT is to orbit scientific payloads for international
uses,

3.4 Sounding Rockets - Scunding rockets are used for the exploration of the upper at
mosphere and space in order to gather scientific data. There exist many types of

such vehicles, not less than 60 in the United States alone. They are characterized
by their payload and by the maximum altitude that they can reach. One of the ear-
liest meteorological rockets is the one-stage ARCAS rocket which weighs 65 1b and
lifts a 12-1b payload to an altitude of 40 mi. The two-stage ARCAS rocket weighs
100 1b and .an lift 12 lb to an altitude of 50 mi. As an example of a larger sounding
rocket, we describe the NIKE-CAJUN used by NASA. The characteristics of this
rocket, which is shown in Fig.1-7, are the following :

L.ength g 26 ft
Diameter : 16.5 in
Initiai weight : 1550 1b
Payload : 50 to 100 Ib
Altitude : 100 mi
Speed : 4 200 mi/h

The vehicle consists of two solid propellant siages, the first (HERCULES) haviag a
thrust of 48 700 1b and the second having a thrust of 9 620 ib. The second stage
weighs 257 lb.

il o
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3.5. Auxiliary Rocket Motors to perform Guidance and Control Functions - Few solid
propellant rocket motors are specficaliy designed for the purpose of controliing

the thrust vector of a main engine or of otherwise proviaing the attitude control
forces nee led for steering a vehicle under thrust. In one exception, forces for
the control of attitude and hence the direction of main engine thrust are obtained

by means of four small solid rocket motors located at the aft end of the vekicie.
Their nozzles are s~t at an adjustable angle with respect to the axis of the main
rocket motor. Toraues to change attitude, and hence thrust direction modifications,
are achieved hv varving the orientations of the nozzles of these rockel motors.
This kind of vehicle a‘titude control is employed in the four-stage solid propellant
rocket BERENICE, wtich is designed for studying in flight the kinetic heating of
hypersonic vehicles during atmospheric re-entry. In the photogranh of the
BERENICE that is shown in Fig. 1-8, one can see the fcar control rocket motors
at the aft end of the vehicle. The burning time of these control motors is of the
same order of magnitude as that of the first stage. The propellant grain geometry
of each is cylindrical with cigarette buruning. The vurning rate is increased by
placing silver wires in tho propellant perpendicular to the burning surface.

Solid propellant rocket motors are rirely used to supp'’y the attitude control forces
for satellite guifance because of their short burning wmnes. Compressed gases or
subliming solid substances can perform this function better.

Solid propellant impulse rockets have been constructed for spinning up certain miss-
ile stages (PET rocket) and also for accomplishing stage separation.

3.6. Assisted Take-off Rocket Motors for Aircraft - Few rockets are now ugedfcr in-
creasing the take-off power of aircraft because of improvements in the peak power

output of turbojets. The mosi famous take-off rocket is the Aerojet JATO, the
propellant of which is an extruded composite. The JATO moior has the following
characteristics:

Thrust 3 450 kg
Burning time : 16 seconds
Chamber pressure : 70 kg em~2
Propellant weight 5 45 kg
Rocket motor weight : 72.5 kg

3.7. Military Applications - The most important weapons composing the arsenals of
armies nowadays use solid propellant systems as a propulsion mode. Such systems
have indisputable superiori’'ies: per:ianent readiness of the engine, good reliability,
low maintainance, easy preparati~n of a firing. Military rockets are distinguished
according to their mission, i.e. surface-to-surface, surface-to-air, air-to-surface,
air-to-air and anti-submarine.

For surface-to-surface missions, threc types of missiles are distinguished.

a) Tiere are intercontinentzl bz ilistic missiles (ICBM), such as the MIN-
UTEw.. N which consists of three solid propeilant stages. The missile range
is about 6000 to 7000n. mi. The MINUTEMAN can be prepared for firing in
about 32 seconds and requires about 10 seconds for the selection of an objec-
tive. The overall length of the three slages for differe.t missiles in this
series is A-53.17ft, B-55.91t, F-59.8ft. The inissilc is about 55000 lb.

A MINUTEMAN is shown in fiight in Fig. 1-9. The principal contractors fer
MINUTEMAN propulsion are: THIOKOL for the first stage: AEROJET f{or tae
second and HERCULES for the third. The first stage has ¢ diameter of
1.65m and a propellant weight of about 20 tons. The case is made of LADISH
D6AC steel. Four nozzles with axes aligned with the vehicle are used for the
first stage; their divergent sections employ pherolic refrasil for heat protec-
tion. It has been difficult to solve pruislems associaterd with the thermal pro-
tectionof the interior chamber walls. The single-compo=ition, solid propellant
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Four -stage, BERUNICE, solid-propellant rocket vehicle, for
testing re-entry vehicies at Mach 12, courtesy of ONERA.



Fig. 1-9 MINUTEMAN ir, flirht
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(Thiokol Chemical Corp).
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grain haa a star-shaped configuration (6 arms). The propellant consists of
PBAA (polybutadiene acryl*c acid) and ammonium perchlorate. A press-
ure peak ohserved at the beginning of a firing has been decreased by a part-
ial inhibition of the grain.

b) There are surface-to-surface missiles of intermediate range (IRBM) such
as the POLARIS series of strategic missiles which are fired from submerged
submarines. The three variations A, A, A cach consist of two solid

propellant stages. These engines have the foﬁowing characteristics:

A, Length : 28 ft
Diameter : 4.5 1t
Weight : 28 000 1b

Ay, A, Length : 30.5 ft
Diameter : 4.5 1t
Weight 3 30 000 1b

The range of the A, type is about 1 200 n. mi., that of the A, is 1 500 n. mi.
and that of the A; is 2 500 n.mi.

c) There are shorl-range missiles, such as the PERSHING rocket (range
frem 100 to 400 n. mi. ) with two solid propellant stages, or the SERGENT
(range 25 to 75 n.mi. ) consisting of only one solid propellant stage. The
smaller HONEST JOHN (range 12 n.mi.), consisting of one solid propellant
stage, also falls into this category; it has the following characteristics:

Length : 24.8 ft
Diameter : 30 in
Weight 2 4 500 1b

Orie - the smallest surface-to-surface rockets is the antitank ENTAC
rocket which has the following characteristics: weight 27 b, range of
6 609 {t, guidance by a wire.

The spectrum of surface-to-surtace missiles, from MINUTEMAN to ENTAC, is
impressive. This wide variety also exists for each of th: other military mission
categories. It would take too much space for us to presen! a comprehensive dis-
cussion, therefore we shall give only a few examples for each category.

Surface-to-air HAWK rocket : It has two propulsion regizes, a boost regime and
a cruising flight regime. Its length is 16.9 ft., diameter 14 in., weight

1275 1b and can engage targ~ts a'  ights between 1'\! and 45 GO0 ft.

Surface-to-air NIKE HERCULES rocket : This grourd-launched antimissile missile
has a length of 41 ft, diameter 31.5 in., weight 10 050 1b. The rocket is
composed of two solid propellant stages. Ceiling: 100 000 ft, spced: Mach 3.
The newer and larger NIKE ZEUS rocket has an initial weight of 22 800 lb.

Surface-to-1ir SPRINT A rocket : This antimissile rocket is used for protection
against ICBM/SLBM. It has a conical rccket motor, employs two stages
and develops a very high initial acceleration.

Air-to-air FALCON rocket : This i® a onc-stage rocket motor with thruzt of 6 000
Ib; length 6.5ft, diameter 0. 54 ft, weight 100 lb ars range 5 n.mi.
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Air-to-surface rocket, anti-tank missile S§i1 : This missile has a length of 46 in.,
diameter 3 in., weight 63 1b.

Anti-submarine SUBROC r cket : This missile for submarine attack has a length of
21 fi, diameter 21 in., weight 4 000 b,

These few examples show the importam place taken by solid propellant propulsion
in the field of modern weapons. The esdential quality that dictates the choice of
this propulsion system is readiness.

3.8. Diverse Applications - Solid propellant rocket motors are useful in many special-
ized applications that do not fit well into any of the preceding categories. One such
application is to generate gases that are needed o drive the feed systems of liquid
propellant rockets. Gas generator rockets can pressurize a high-pressure feed
system or can drive the turbine of a turbopump feed systen..

Another specialized type of application arises in the propulsion unit required for
safety systemns in some missions. For example, in the Apollo manned lunar flight,
if the astronauts have to evacuate the launch vehicle during liftoff, then a solid pro-
pellant rocket motor on a tower atop the command module is fired in order to pro-
pell the three astronauts to a safe distance from the primary vehicle. This sepa-
ration rocket motor, which is to be mounted tail-down on the tower, is shown under-
going a test firing in Fig. 1-10. Four nozzles, carted outboard, split the exhaust

of the solid rocket motor into four equal tails to prevent it from impinging on the
command module.

Solid-propellant rocket motors arc also often used to propel target vehicles during
weapons tests. Another appiication is as the propulsion unit for high-speed test
sleds or carriages. Numerous other special uses can be cited.

4. Interest in Solid Propulsion

In an introductory chapter, it is necessary to ask what place solid propellant rcckets
occupy in relationship to other types of rocket propulsion and to attempt to define as
precisely as possible the boundaries of the field of application of solid propellant
sockets. Having discussed currert annlinationg af anlid aransllony » SR aivtors,
%o %1'€ NOW in a2 position to begin to make the necessary comparisons. In these
comparisons, we rhall censider cniy rhemical propeilants and principaily only sotid
and liquid systems. Before proceeding with specific qualitative comparisons, it is
necessary for us to discuss quantitative aspects of mission performance evaluation
at scinewbat greater depth.

A mission may be defined approximaziely by stating the value of the velocitly change
Av that must be impartzd io a given payload. The ability of a propulsion systewn: to
deliver a A= uepends not only on its chemical energy content but also on the phvsi-
Zai and mechanical properties of the propellant, such as its density, which influence the
ratio of the burnout to 'iftcff weights of the propulsion unit. It is true that valid
comparisons of prupulsion svstems must be based on precisely defined missions

and that it is not possible to find rules of ccmparison that are both general and corr-
ect. However, we shall try by r=~ans of a highly simplified development to expose
certain advantay. . and disadvantages of solid propellant rocket systems.

The launch weight M. of a solid or liquid propellant rccket stage ia the sum of man:
parts, each representing a different element of the systein. We shal. use the
forraula:

M, =M +M, + M,

(o]
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Fig. 1-1u Tesi firing ot the APOLLO liunch escape maotos, (Lockheed
I'ropuision Co).
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where M, is the weight of th.- pavioad, M, is the weight of the propellant and M
is the weight of the structure.

We shall further break up the structural weight into two parts,
Ms = Msf v Msv’

where M is assum~d to be proportional to the thrust and independent of the initial
volume of the propellant, whiie M_, is assumed to be proporticnal to ithe initial
volume of the propellant and indepcndent of the thrust. Thus,

M. =K¢F =Kra, M,

where F is thvnst, a is the initial vehicle acceleration and K, is a constant of
proportionality. Similarly,

MSV =K,, Mp/[) ’

where p is the density of the propellant and K, is another constant of proportionality.
The values of K; and K will depend on a multitude of technological aspects of the
design of the vehicle and of its propulsion system. The only important peint for
our present purposes is that these quantities are constants whose values are inde-
pendent of the choice of propellants. Although it is clearly a gross oversimplifi-
cation to break up the structural weight as we bave done, nevertheless it is true

that some structural items (e.g. propellant tanks) tend to increase in weight as the
propellant volume increases, while others(e.g. the nozzle) tend to increase inweight
as the thrust increases. This breakup could further be justified (approximately)

by examining statistics on existing rockets.

Two different criteria of excellence can be defined for a propulsion system. One

which might be called an engineering criterion, is the ratio of the payload mass to
the launch mass,

u EML/M(,'

The other which might be calle? a financial criterion, is the ratio of the payload
mass to the propellant volume,

vV = n ML 'Mp.

A maximum u is desirable, for a specific payload, if the minimum take-off weight
is required and roughly, a maximum v is a desirable for minimum vehicle cost.
This follows from a comparicon of existing rocket systems which shows that vehicle
cost is approximately proportional to the total volume of the propellants with pre-
dominantly liquid or solid systems having approximately the same constant o( pro-
portionality. The conclusi.n is true for liquid propellant motors because the
structure is the principal contribuator to the cost and size of the structure is appro-
ximately proportional to propellant volume; it is true for solid propellant motors
because the propellant is the principal contributor to the cost and the amount of
propellant is of course proportional to the propellant volume. Nevertheless the
conclusion is only approximate and might well change with time.

The mass rativ o. a rocket vehicle, the ratio of its launch weight to 1ts weight at
burnout, is :

R =M, M, - M)

By making use of preceding definitions, we find that :

R=(1+K, 0) u+K, P +Kfa,) (Eq.1-D
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and that :

R=(1+X,/p +v/p) /wp +K,/0 + K;a,). {Eq.1-2)

These formulas express R in terms of the parameters of interest.  The guantity R
1s of importance because it is directly related to the velocity increment Av impar-
ted to the system; for rect.linear flight of a rocket vehicle, in the absence of grav-
ity and of atmospheric drag, and with a constant ratio of (hrust to time rate of
ejection of propellant mass during the entire burning duration, one can . sily show
from mechanics that :

AV = Ispgo In R, (Eq. 1-3)

where g, is the gravitational conversion factor and I, is the specific impulse of the
rocket motor. The quantity I_ g is the effective exhaust velocity of the propellant
fases with respect to the rocke{ vehicle; it is also the ratio of the tkrust to the rate
(mass per secc:d) at which propellant is ¢jected, and its value, which is generaily
larger for liquid propellant rockets (han for sotid propellant rockets, depends prim-
arily on what propeliants are used ia the motor (see Chapters 2 and 3). Values of
Av, K,, K, a,, and either u or v are all specified, then by using either Eq.1-1 or
Eq. 1-Zin Eq. 1-3, it is clear that a relationship between I, and p is obtained.
This relationship defines a locus of propellant systems (in the I, - p plane) with
the same figure cf merit {u or v), that can achieve the specified mission av, with
specified technological coefficients K, and K, and a specified initial acceleration a,.
Such curves of specific impulse versus propeilant density are useful for comparing
the relative excellence of various chemical rocket propulsion systems.

The approach that we have just described is, of course, quite approximate, and is
subject to improvement in many ways. For example, the effects of yravity and
drag can be included in an approximate way; under a suitable set of restrictive
assumptions, one can show that Eq.1-3 is replaced by :

AV‘_‘Ihp gnlnR’w éth - AV[)

where ¥ 1§ the chsine of the ancle ot oon tlie “Slitic Lrajeciury and the vertical
direction, g is an average acceleration cf gravity experienced by the vehicle over its
flight path, t,, is the burning time and A w is the luss in velocity increment caused
by utrnospheric drag. We note that t, is expressible in terms of the specific im-
pulse, the initial acceleration and the mass ratio,

t, = 1, 3,)R-1)R
The quantity A v,, can be assigned the approximate propellant-density dependence:
av, =K, p 2/3

¥,, = constant), since the atmeepheric drag on the vehicle is roughly proportional
o the 2 3 power of its volume (which, in turn, is roughly inversely proportional to
propellant density).  The improved formula for the approximaie dependenre of Lo
on propellant density, obtained by substituting these last two formulas into the gen-
eralized 5 v equation and then solving for [ is:

[

I,,(0) {aveav,tw))/ig, InR ‘p)-(¥ ge,/a, )[R () - 1]/R ()} (Eq. 1-4)

U av, ¢ . g, a,, K, K. K; and either u or v are all given, then this relationship
(along with Eq. 1 ! or 1-2 and the formula for aAv), ) determines a curve of I, as a

function of p
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In addition to improvements of this type, the cquations that we have given can form
the basis of an optimization analysis; i.e., a criterion of excellence is chosen, the
corresponding quantity (u or v) is maximized {>r a given Av subject to variation of

a parameter such as a,, and a relationship between R and a, for the optimum sys-
tems is derived. This relationship removes the necessity of specifying a, in draw-
in,, the I, (p) curves and therefore may be used as a basis for comparing the opti-
mized (with respect to launch acceleration) peiformance of various propellant sys-
tems. It turns out that results of comparisouns based on this optimization technique
are approximately the same as results of comparisons based on constant a_ and
therefore we shall not pursue the optimization discussion further.

Some curves of specific impulse vs. propellant density, obtained from Eq. 1-4, are
shown in Fig. 1-11 for the values u = 0.2 and v = 0.2, for two accelerations (a, =
2g, and a, = 10g ), and for Av = 1500 m/sec and 2500 m/sec. One can see, for
example, that for a mission with Av = 2500 m/sec and a, = 2g,, a rocket with p =
1.5gm/em3 and I_ =240 sec. has the same financial excellence (v = 0.2) as a
rocket with p =0.5 gm/cm3 and I, =500sec. Itis for this reason that solid
propellants, which typically have low I, but high p , can compete favorably with
liquid propellants, which typically have high I,p and low p .

The values of specific impulse and propellant density for some solid propellants are
shown in Fig.1-12 on an Isp - p diagram. One sees that generally speaking, the
specific impulse tends to decrease as the propellant density increases. If Fig.1-12
is superposea on a graph like Fig. 1-11 that has been censtructed for a particular
application, then it becomes easy to see which of the various possible propellant
combinations would be likely to perform the mission with the highest figure of mer-
it. Because of the general shapes of the curves in Fig. 1-11, there are many appli-
cations for which various solid propellant combinations shown in Fig. 1-12 are better
suited than, for example, the hydrogen-oxygen liquid system, which has I, =390
sec. and p ~ 0.3 gm/cm3,

The shapes of the curves shown in Fig. 1-11 can all be approximated by the formula :

1. p% =aA, (Eq. 1-5)

=p

where a and A are constants, and «a genera'lv lies between 0 and 1 Theo value of
a . which dote-mireg the cailivily ot overall performance to density. depends on
the miission, the technolocical vvefficients ¥, and K, the choice of . riteriun of #x
cellence  and the initial aceeleratici {or the buining time).

The product I, 2, which emerges inthe limit @ - 1 of relatwely strong propeli-
ai' -density dependence, is cal'vs the voiumetric specific impulse; whether the
specific impulse o1 the voiumetric specific impulse is 4 bctier measure of the over-
41! performance p1nduced by a part.cular propellant system, depends on the mission,
the criterion of excellence, ¢tc. If we “housc the engineering criterion u, then we
find that fcr booster type of applications wit's A v ~ 200C i =ec, < is of the ¢ ler
ot 0.8, and the vnlumetric «pecific in.pulse would be the better indicator, while ior
tre larger calves of & v thit correspond te upper stages. « is abou 0.2, and tre
specific impulse is the betier measure of excellence. Thue valu? of @ increases as
K, increascs, and it is usuvally smalier »hen the encineer1:n (u) < riteriun of excell-
ence 1s used than when the financial «v) criterion is »mployed.

The value of the exponent (. cau be discussed with some assumptions; {or instance
we have

g k-1
AVERC V=R [lnR- ye ——~] .

a, R
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and if we assume a constant missile velume for a single stage with d(Av + Avy) = 0,
we get

pove 1

dly, , 9R o R -0

i R mR-YE R-1 -

l_ ul 1 ‘10 I{
and QRR = B;{—l d—p, in this ca<. the exponent a = a, is equal to

TN

o - R-1 a,2 R

Y R InR-YE R_I;l.

It will be scen that, withmass ratio R high as in a long range ballistic missile
(R ~¥10)and ¢ = 0, o, is small (@, = 0.39) and when R is small (R = 1. 5),
a, is close to one (a, = 0.83).

If we assume a constant missile weight, we get

dR K, R-1 dp K, d

: R-1)

Do oo 2 TR p
R S K, +p

'B" ’

and the exponent a = ay, is equalto :

vg 1
K R®-1 "1, R
™MK mR. VEE-1
a, R
When = 0

ag-a, (o B2y oK R-1
M \Y Kv+p' R v o R

K, is a function of the tcchno)}oary: the range of K, is (6 - 600 kg m~3) and the
range of p (200 - 2000 kg m™").

It is concluded that in a ballistic missile where R is high an improvement in pro-
pellant specific impulse is much more valuable than a similar improveinent in
density. When R is small an improvement in propellant density is almost as
valuable as a similar improvement in propellent specific impulse.

A useful way of obtaining a more detailed comparison of propellant systems than
can Le achieved by using only specific impulse and volumetric specific impulse is
to plot I, ,p versus a for the propellant systems under consideration. When
such curves are available, one need only obtain the value of a that corresponds

to a particular application in ovder to see what propellants are likely to perform
the application best. A plot of I, n® versus a for a few solid and liquid propellant
combinations is shown in Fig. 1-13. Representative solid propellant curves refer
to a polyurethane-ammonium perchlorate-aluminum mixture (PU-AP-Al) and a
plastic hydrocarben-nitronium perchlorate-aluminum mixture (HC-NP-Al). Some
liquid systems shown are the nonstorable hydrogen-oxygen (H,-0,) system and the
storable unsymmetrical dimethyl hydrazine-nitrogen tetroxide (UDMH-N,0,)
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system. We see in general that if the exponent o exceeds 0.6, then the solid pro-
pellant systems have a sizeatle advantage, while if o becomes less than 0.2, then
the liquid propellant systems shown become superior. Generally, solids tend to
become the most attractive propellants when ¢ exceeds about 0.3 or 0.4.  This
condition 15 usually satisficd for booster applications, and also for upper stages
when the financial criteiac. ur excellence is used. Ve must emphasize that speci-
tic engineermg design tradeo!l studies would not use the foregoing techniques.  In
specific engineering studies much more detailed calculations would be made for a
number of definite systems that appear to be promising for the mission. The best
potential system would ke selected on the basis of these calculations and many
small variations in the design of components of the system would be studied in an
effort to arrive at an optimum system for the particular mission.

As a furthcr comparisor. of solid and liquid propulsion systems, i Table 1-1 we
give properties ui » pair of solid and liquid systems having the same launch weight,
the same payload and ui2 same rocket engine weight.  Although the specific im-
pulse of the liquid system is higher, it is seen that the sviid system imparts con-
siderably greater energy to the payload in this example. The solid propellant sys-
tem (here and also in general) has a sivaller volume anda highinitialacceleration a,

Let us next consider qualitative advantages and disadvantages of solid propellant
rockets. We shall first discuss advantages and then disadvantages. An advantage
that we have already discussed in the introduction is the simplicity of the solid pro-
pellant system. Another advantage is the ease with which large motors can be con-
structed, due tothe development of segmented solids. The segmentation technique
described on page 11 facilitates fabrication, transport, mission operation, safety in
use and ease in casting. There is a weight penalty of perhaps 44, due to segmenta-
tion, and the best chamber pressures for segmented motors are somewhat lower
than those of unsegmented design. Nevertheless, i a practical sense segmentation
makes it possible to envisage very large solid propellant boosters.

It is well known that small solid propellant rockets are generally less expensive than
liquid propellant systems of comparable thrust. Although large solid propellint
boosters arc ~urrently more expensive than comparable liquid propellant systems,
there are prospcets for reducing solid booster costs to make them financially more
cormpetitive (17). To elaborate on this point, let us examine representative weight
and cost breakdowns for the 260-in. diameter engine, which has an optimal chamber
pressure of about 550 1b/in2, This motor weighs (in mitlions of pounds) :

Miscellaneous 0.05% 1. 6%
Nozzle 0.02 0.65
Heat Protection 0.015 0.5%
Structure 0.13 4,25
Propellant 2.83 93.
Total 3.045

Miscellaneous 1 21,7,
Nozzle 0.4 8.74%
Heat Protection 0.1 2.2%
Structures 0.4 8.74%
Propeliant 2.1 58.7¢,
Total 4.6

The costs shown here, particularly in structu, °s, ¢ in be reduced appreciably by
using high-strength, (highsr-priced) propellant materials to effect a large reduction
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Solid Liquid
Thrust (1061b) 3.7 1.6
Curning time (sec ) 45 125
Fotal impulse (10°1 sec) 168 200
L, 249 266
Attitude at burnout (deg ) 40 40
Velocity at burnout (ft sec~1) 6500 5320
Altitude at Lurnout (1071t) 11l 166
a, 3.13 ¢, 1.31 g,
Burnout acceleration .87 ¢, 4.02 ¢,
Payload energy (1070t 10) 228 180

Table 1-1 Somparisos of Solid and Liguid Propellant Systems

Froo: 7. Buchanan {18)
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in nert structural weight.  For very large buoster applications, solid propellant
me* 3 with increased chamber pressures (made possible by higher strength mat-
«rialsy are conside-2bly smaller than liquid propellant motors {which are inherent-
iy restricted to low chamber pressures and low propellant dengities). On-site fab-
ricaton and loading of solid nropellant boosters thereforz affcrds the possibility oi
conﬁ.ﬁr\vncting larger boosters than are feasible with liquid propellant systems.

\a
Ancahel vrice advantage of solid propellant systems is their geaeral tendency to
require Wiuch lower development costs than comparable liquid propeliant systems.
One of many factors contributing to this is the ease with which accurate calcula-
tions of thrust-time histories can be made n the preliminary design phase. Ex-
perience has shown that caiculated thrust-time curves are very close ‘o those
measured in tests, and therefore the amount of developmental testing that is re-
quired is greatly reduced.

The reliability of solid propeliant rocket motors is generally higher than that for
liquids when one takes sufficient care in propellant fabrication, in thermal protect-
ion. and in motor construciion. This advantage arises from simplicity; solid
propellant systems have fewer elements in series and are therefore less suscept-
ible to aborts caused by failure of a minor element. Furthermore, many solid
propellant problems associated with reliability are alleviated in the larger motors;
for example, th2rmal protection is a delicate probiem for small motors (say, pro-
pellant weights of the order of a ton) when performance {olerances are narrow, but
for large motors (containing, say 100 or 1009 tons of prcpellant), the weight of the
protection material is a very small percentage of the total weight, and much wider
margins of safety can then be used.

Unlike many liquid propellants, solid propellants are inherently storable. Solid
propeilants have been stored for many years without appreciable deterioration or
changes in performance. Questions abcut storability may, however, arise for the
newer, higher energy sol’d propellants, and limits on the storage time may have to
be establishead.

Much research effort has been spent in improving the safety of solid propellants.
The greatest safety hazards arise in various solid propellant manufacturing pro-
cesses; solid propellant fabrication is more dangerous than liquid propellant
fabrication. However, after the propellant has been 1abricated, subsequent pro-
cesses such as casting and firing are generally less dangerovs than comparable
liquid propellant operations.

Solid propellart motors can be spin-stabilized much more easily than liquid pro-
pellani motors  Spin often interferes with the in.ernal operation of liquid rockets.
The capability of spin stabilization alleviates guidance problems in some applications.

The major disadvaniuge .. solid propellant rockets is their relativel ; low specific
impulse.  Although their volumetric speciiic impulse is high, liquids and hybrids
have a much higher mass-based speeifi~ 1mpulse. The necessity of inclading both
fuel and oxidizer in the same matrix prevents one from using the high-energy,
highly reactive propellants that can be used in liquid and hybrid systems. The nec-
essity of achieving good mechanical properties of the grain sets additional restrict-
ions on solid propellant compositicns and often prevents cne from using fuel-oxidizer
mixture ratios that would produce optiinum periormance. It seems safe to say that
solid propellants will be limited to values of the specific impulse below 300 sec.,
which is nearly a factor of 2 below the marimum specific impulse that can be en-
visaged for other chemical propulsion systems.

Another disadvantage of solid propellant motors in many applications, such as space
vehicle propulsion, is their short firing time. In some other applications, short
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firing time is, of course, an advantage. In applications requirirg z iov “hamber
pressure (e.g., again, many space applications) »olid propellants are at a disad-
vantage, because they genzrally operate poorly (and with ;0w efficiency of cor . bns-
tion in small motors) for chamber pressures below, very roughly, 15 atmospheres.

Small solid propellant motors experience probleme. in thernuil protectivi, 28 we
have already empl."sised. Thermal protection di‘ficulties arise in the nozzic ar
well as in the chamber. Liquid propellants are weil-suited to liquid conling tech-
nigues for sviving thermal protection problems, twt fwolids are nct. These diffi-
cultieg can limit the use of high-enrergy solid propellaats that produce high chamber
temperatures. In fact, the chamber temperature is an important prepellant para -
meter (which we have not yet discussed) that affects the choice of solid propellants
for use in many applications. Thermal protectic’: problems have been partially
circumvented by the development of new ablative n:aterials.

Solid propellant engine systems are basically less flexible in operation than liquid
or hybrid propellant systems. In early solid proyellant systems, after the motcr
was ignited no changes in its thrust-time history could b2 made. However, great
advances in our ability to control solid mctor gperation have now been made. Vent-
ing or water injection produces controlled thrust termination; thrust vector control
has been achieved by fluid injection into the nozzle as well as by other tecimiques;
thrust modulation is achievablc by liquid injection or by v« mplex chamber designs,
restart capabilities have been provided, e.g. by ir’ection of a hynergolic liquid, etc.
Thus, present-day solid propellant motors are prac:tically as flexible as Sther
systems. However, all of these improvements ar: obtained at the expense of
greater complexity of the engine system. It is trie in general that the gystera com-
plications entailed in achieving control of the operztion of solid propellant ergines
are much greater than those nceded to provide comparable control of liquid or hy-
brid engines.

Mechanical properties of solid propellant grainc ,ometimes produce problems in
large motors and under operating conditicas of high acceleration. Effort is requir-
ed to elimninate grain deformation withcat increasirg structural weight, in order to
improve the suitability of solid propeilants in these applications for which they are
already superior to lignid systems.

Combustion instabilities sometimes appear in both liquid and s 1 propellant notors
These instabilities manifest themselves in irregular combustion and i1 pressure 0sc
illations. Instabilities must be eliminated <uring motor development and therefore
they increase development time. It is diff’cult to say whether instabilities pose
greater problems in solid or liquid propel’ant motor- -ut we note here that irore
research is currently devoted to liquid propellant ins. _.Jities and that the la:'ge,
segmente solid propellant 11..urs did nct experience instabilities during develop-
ment.

In view of these advartages of solid propellant rocket systems, it is understandable
why they are employed in the many ~priications discussed on page 8 .  The prac-
tical value of solid propellant rocket« can nevertheless be enhanced by improvementt
in the following areas :

a) augmentatior: of specific impuise,

b) simplification of stepe in propellant manufacturing and casring,

c) reduction in siructural weiyhi of ti.e case and nozzle,

d) increaging the flexibility of t5e 1not - r during operation,
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e) reduction in cost of the vverall system,

f) developing greaer unaerstanding of miechanisms of solid propellant com-
bustion.

5. Outypne of the Presentation

This bcok 18 divided into 12 chapters which probe various problems that are posed
by current attemis to enl.ance the progress of solid propellant rocket propuision.
The peav-ler-e considered lie in the fields of fluid flow in nozzles, of performance,
of steady -staie raotor oferation, ot solid propellant combuciion fundamenta' s {ex-
periraents and ¢ eary), of special erosive effects (due to flow of gases along tubular
grains), of un-tendy phenomena such as igrition, extinction and instability, and
fenally 2f mechanical properties of propellant grains. Except for the last of these
topics, the 2.ohl»ms Listed here fail in the dumzin which is cormmonly referred to
as intovnal ballistics.  Thus, although they are important, we shall not discuss
processes {or 1narufacturing propellant grains, sorme problems associated with tne
manuwiacturiag . nozzles, cases and other structures, topics in guidance and con-
ti), magine and its optimization, overall vehicle design and construction, and
missicn andalysis. In spite of these and other omissions, it is hoped that th fun-
damental importance of intersal ballistics to 8o d propellant rocketry will enzble
thia £k to serve as 2 texthock on solid propeliant rockets. Ic is with this aim in
minag chat space ig aloited ‘c the development (from first principles) of the material
that is covered and thai s pedagoec view of presenting first the simpler material
(e.g. Chagter 2) and then the more complex material (e.g. Chapter 6 or 10) is
adoptec. In thesa respects, the present vork differs from most .2y .\GARD-
ographs I the presert < ctiorn. we wish to highlight some of Yhs special topics
that are treated l2%er.

We analyze perfermaae first -.m the viewpoint of flow in the nozzle, where the
thermal energy liberated by ¢ 3=-ustion is transform<d into or iered kinetic energy.
The study of this flcw permits s to define chr  ~icristic par . meters of rocket
performance. The analysig g first made (. "> wasie o a. idealized model and
wen is extended to include va: -«55 reitl effecis. Althouen he basic anslzsis will
be applicable to all propulsion syatem.s in which gas s 4" ceieryiad o+ ozele, the
specific problems f solid prope .ant rocket svstems a:.l -« - . as18ed 1n our
appreach.

Since current scha prope! 1.ts generally contain aiag , condersed aluminum
oxide particles are otten present 'n the gaseous co on products. The con-
sequent two-phase noze = flcw affects motor ope -‘% ind perfermance. il yac-
ticular, the specific imp . se depends on particle s .1 on nozzle geometry.
Special attention is paid i» thus problum in Chapte- @ Another special problem
area of soli > propellant rovkets whick is consider~2  »ome detand here is thrust
vector control.  While the w.ugnitude and directic- ‘ne thrugt vector of liquid
rockets ¢an be controllvd retsiwvely easily, solid ;- <<llant systems posSgess in-
herent control difficulti2s whiut are often best son e2 oy externally injectang a fluid
into the aiverging seclion of tiie rozzie.

Specific impulse gainc of a few s2cuads are appreciane for solid propellants be-
cauge the m. "imum ichievable specific impuvie 15 r».advely low for solids. There-
fore ii is important .o carry out solid prop :'4unt performance cslculations accur-
ctely. For thig r. w3c¢n, we discuss in Chapter 3 the techniques by which these
careful calculatioys can be made whon e sumber and pocperties of the chemical
species composing the propellant ary known. Tiovetical performance results are
given. thus illustrating the effect of the natus 2 oz the propellant on the specific im-
sulse.  The choice of propellant conmposittens is limited by many factors, such as
the ease with whick the chemical heat release can be made to occur, the stability
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oi the propellant, the chemical and phvsical changes that cccur during nozzie flow
and special mission requirements. The results given here are intended to indicate
possible ways of improving propellant performance, coagistent with these limits-
tions The experimental determination of performance by measurements on small
sampieg 1 discucc © ad coninarisons of these results with those obiained ir motor
firine =~ qiven,

Motor operation is governad by the 2uii oo 1 yression rate ci the propellant, the
reometry of the zrain  aud the relationship between chamber conditions and the
mass fiov rate through the nozzle. The suitace regression rate is itself affocted
Ly various chamber operating conditions, such as champer pressure, grain temper-
al ve and iie gas velocity paraliel to the burning surface. it is necessar. to dev-
clop m: "hods for determining propellant regression rates of samples in constant -
pressure bombs, and it is particularly important to compure these results with
measuren.ents obtained from n:otor firings. Such cemparisons demonstrate that
the flow ficlds inside motors affect the bu: .:ing rute. Regression rate curves ob-
tuined in bomb experiments often have the same shape 28 motor -(iring curves but
are displaced irv magnitude.

Grain geometriss will differ according to whether the internai motor geomdry s
cylindricai, spherical, etc. O, ouitably shaping the grain and by suitabiy poss-
tioning propellariz with differing burning rates, 1t i« posagdl~ to destgn motlors so
iha! burnout occurs simultanecusly over the entire internal surfice, thercdy ol
immating undesirabiy o7 thrust tailof{ times at the “nd of m:tor speration, Grain
and motor geometries drpend strongly on the minfion 2 .d axoud be cpgimized [or
ach application, We 83t 2iaborate on these points in Chapter 4

Combustion processes of g2ii/iu=opellants are (nmpiex and depend ftroagiy oa the
nature of the solid propeliant  In Chapters 5 and £, we classuy solid proposlants
into two principal categorics. homogeneous and helerogensous.  For homogennmus
propellants, we briefly ex:».:ue the experimental techniques used in studyning the
combustion process, and av 7ive the principal experimental remsits concerrang
flame structure The exsvrimental analysia of nterogenems propeiiants is cover -
ed in inuch greater detai'. Ar entire section 1s devoted to the decompsition and
pyrolysis of the oxidize: smnionium perchiorate. The combustion «f ammemism
perchlorate prupellants is also discussed. These cxperiments have resui'edar 2
classification or possibic mechanisms of combustion < f heterogencous pr o eiiants
under various conditions of prope'lant formulation and matur uperatiir

Microcinematographic terhrg.os reveal {ine details of the combusticn s nes of
heterogeneous propeilants. Yio: also shed light on the corplea formatio e and
combustion mechanisms of smal. Liauid aluminum spheres which 1sgqe frow the
surface of aluminized propellants. Q2x.7< of these photographic stadies arc &z
cussed.  The pyrolygig of plastic binder aia.o. *als is also studiead.

Treorie s of homogeneous and hetercieneous propellds: « ~=mbustion are discussed
on the br 5is of the fundamental conservauon equations vi ¢v. .o/ *rmochemistry
Thenries of homogeneous combustion are considered first ir +. «fempt to discover
the important stages which accompany the transformation of the yi.” * a gas.
Particular attention is paid to the various types of reactions that mar ¢ cur at the
solid-gas interface. Since bomb cxperiments often involve nonadiabatic vonditions,
the nonadiabatic theory with radiative and convective heat losses is examineu.
Flaminability limits for solids are also discussed.

Cumbustion mechanisms of heterogeneous soli.’ »ropellants are so much more com-
piex th~t there are no satisfactory theories giving the burning mechanism or the
burning rate. A few models have been proposed on the basis of some experimental
observations, but their theoretical foundations are questionnbie. Therefore we
ireat theories of heterogeneous prapeilant combustion more briefly thar theories of
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homogeneous propellant combustion. We consides '« decomposition of some oxi1d1-
zers (ammonium nitrate and ammonium perchl -21¢; that are used in composite
propellantg. The sandwich model of composite g opellant comoustion and the mod:
els of Summerfield ard of Penner are describted. Theories o/ the combustion af
metal particles in oxidizing atmospheres are also 1 x¥is yed briefly; the formiiun
of condensed products complicates the combustion maCaz..r6m, 2nd the theo+. 23
emphasise the importance of diffusion phenomena.

Current propellant grains usually burn laterally ard therefore experience erosive
gas velocities, parallel to the g.ain, which iucrease in magnitude from zero at the
head end of the motor to a maximum value at the nozzle end of the port. This
erosive velocity modifies the burning rate and thereby affects the time development
of the grain geometry. Inthe first part of Chapter 7 we discuss the experimental
techniques which permit one to observe the effect of gas mass flow rate on the pre-
pellant regression rate. Novel techniques such as ionization probes, which can be
used to measure erosive phenomena during motor firings, are also described.
Existing experimental results on erosive burning are reviewed.

Satisfactory theoretical analyses of erosive burning phenomena are difficult to dev-
elop because of the complexity of the fluid dynamical and combhustion processes.
Part of the difficulty arises from the fact that the boundary layer approximation is
usually valid over part but not all of the grain because he Reynolds rumber of the
gas fiow in the central cavicy varies from 0 to 105, Essentials of the approximate,
semi-empirical theories that currently exist will be described, and possibilities of
developing more basic theories will be discussed.

Unsteady regimes of ignition, extinction and combustion instability are as important
~# «rady regimes in motor operation. Conditions for propellant ignition generally
are first aecertained in wne laboratory by studying samples of the propellant. Rad-
tative heating, convective heating and contact with reactive fluids have beei’ employ-
ed 1n these gtucies. ThWe experimental methods will be discussed and compared
(Chapter 8). These tecnniques enable one to deternine necessary conditiors for
ignition and the time reauired for the development of a flame.

The various theories of ignition postulate the occurence of a chemical ignition re-
actionan *he snlid, ut the solid-gas interface, or in the gas phase. The site of the
igmtion reactivn (-erefore affords a convenieat means of categorizing ignition
theories. Vari>us possible ignition theories are discussed and existing detailed
theories are coropared. It appears that each of the three basic types of theories
should be applivable for the right propellant under appropriate ignition stimuli.

In ial~ ratory jgrition experiments and in igration theories, conditions are approxi-
mately uniforn: vver the propellant surface. But with practica! moctor ignition
devices, oftea a small portion of the propellant surface is first ignited, and then the
flame propagates alorg the suriace to the rest of the propellant. The flame pro-
paation during motor ignitior. and the buildup of chamber pressure due to gas evo-
iution by the solid during ignition will be discussed. Practical igniticn devices
ieiectrical. explosive charge, hypergolic ligquid) are also revier-ed.

The tasic simplicity of solid propellant motors i3 offset by severe compiexities v/
someving thrust modulation, command extinction and reignition, for applicatie /*
12 which control of these processes is required. We have already stated that #8
througn o considerable amount of effort, practical realizations of ail of thesrs /
»raticas have been attained. Two methods of achieving extinction are by v+ 'P~
the chomber or by injecting water into it. The mechanisms of these 'wo ¢ 1 -+ &
technipies are discussed in Chapter 8. Conditions for which the intermiites « 200
tingon phenemenon of chuffing occurs are discussed in Chapters 9 and 10 -

4
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Experimental observations of undesirable periodic variations in combustion cham-
ber pressure and in thrust date back to the earlv days of solid propellant rocketry.
Much effort has been spent in attempts to eliminate these moior oscillations and
many empirical "fixes" were discovered baf~=- *~* ~ature of the phenomenon was

understood. The prevalent use of ~* 08 . leviated these

o TR o .ailum in propellants .2
combustion ir:?:)t!;';?i?tsomg‘"b’: vecause aluminum Lends to suppINg; 3 SOme types of

st i (e .aperimental agpects of combustion ingtar \’ties are dis-
ét;"\ilities an!:i' - nere the classifications into acoustic and nonac: “8t'C in- ‘
i » 4N ear and nonlinear instabilities are employed in an effc "t to clarify
15 complex 7 o0t Laborator iments on instabilities und mlled
conditions  *olect: L y experiments on instabilities under com
Of th and ohservations of instabilities in motor firings, are both desc: “ed.
er . . .
pres’ .4ny measurement _techmques that we discuss, instantaneous chamber -
ur  ure measurements with fast-response transducers have proven to be most \
<tul and most universally applicable, particularly for studies of acoustic in-
stabilities. Pressure transducer measurements in T-burners (small, cylindrical,
laboratory burners vented on the side instead of at the end) have now provided much
experimcntal data on the acoustic admittance of burning sclid propellants;, these
admittances are the most important parameters for deter.ining whether linear
acoustic instability will occur in 2 motor. Relatively recent observations of the
occurrence of vortices in motors and of the amplification of shcck-induced oscilla-
tions in otherwise stably burning motors demonstrate clearly thal nonacoustic and
ronlinear instabilities car also be of importance. We briefly discuss the experi-
mental studies of these more complex phenomena, studies which are ir their
infancy.

A thorough theoretical understanding of the nature of combustion instability phen-
omena exists today only for linear, acoustic instabilities. Most of Chapter 10 is
devoted to a presentation of the theory of linear, acoustic instability and to ¢ review
o1 the existing theoretical work in this field. Since these instabilities always in-
volve acoustic oscillations of the gas in the chamber of the motor, w2 first develop
the theory of acoustics ana ‘erive conditions for amplification and damping of
acoustic waves.  Acoustic oscillations can oceur only if the amplification rate is
greater than or equal to the damping rate. We discuss in detail first w.._oustic
damping mechanisms and then theories of acoustic amplification mechanisms. There
are numerous damping mechanisms; some of them are (roughly in the probable
order of decreasing importance) damping of waves by reflection from the choked
nozzle, damping of waves by small solid or liquid particles in the gas, viscuus
damping of waves at the boundaries of the chamber cavity, homogeneous gas-y.":se
domping by chemical relaxation effects and viscoelastic damping in the ~ohd.
There is only one primar amplification mechanism, the acoustic response of the
combustion zone at the surtace of the burning solid. It is much more difficult to
carry out accurate theoretical analyses of this amplification mechanism that to
analyse the damping mechamsms mentiuned above. We review the early time-lag
theories of combustion zone anplification, later mechanistic models, attempts
based on the full equations of aerothermochemistry, and models designed particu-
larly to account for the heterogeneities of composite propellants. Predictions of
many of these models are in qualitative agreement with trends observed experi-
mentaily.,

Only a few theoretical concepts c¢.ist concerning possible mechanisms for nonlinear
or nonacoustic instabilities. We review the ideas that have been advanced for ex-
plaining observed changes in mean burnirg rates of propellarts during combustion
instability, for ascertaining conditions of inherent instability of thie combustior pro-
cesses of solid propellants, for explaining nonacoustic astabilities which are ob-
served to occur 2t low chamber pressures (and particularly for aluminized pro-
pellants), and for describing mndes of instability that invelve shock-like wave dis-
turbances in the motor. The practical significance of these concents of nonlinear
and nonacoustic instapility phenomena is unknown.
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The bases {or describing mechanical properties of viscoelastic solids are presented
in Chapter 11. Methods for stress analysis of solid propellant grains are covered,
and ecuiixr mechanical effects that may occur in solid prepellants are described.
Solid propellant materials present the solid mechanician wiih truly complicated pro-
blems because of their complex siricture and time-dependent properties. Con-
sequently, only limitea progress toward obtaining a satisfactory descripricn of the
mechanical properties ot soitd propellants has been made. We present the various
techniques that are useful for linear viscce'asti~ systems and formulate th: com-
plicated anderlying theory from which future valid ana useful approaches to the
ana.iysis of nonlinear viscoelasticity must em.erge.

Failure analyses of solid propellant motors provide « posteriors iniormation on
mechanical properties that is useful for improving design. Techniques and results
of failure analyses are discussed in Chapter 11.

Finaily, in Chapter 12 we spe:uiaie con the future of solid prcopellaat rocketry.
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Nozzle Flow and Characteristic Parameters
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Nomenclature
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cross-sectional area oi duct or channel
velocity of sound

nozzle exit area

port exit area

wall area

throat area

characteristic velocity

drag coefficient

thrust coefficient

optimum thrust coefficient

specific heat at constant pressure

= dHi/dT, the molar heat capacity of i gpecies

specific heat of wall material or of condensed particles

characteristic length; lccal diameter
total drag force exerted on fluid
value of D at nozzle entrance

axial thrusf

friction factor; also a representative flow variable

thrust at design =xit pressure

side force, (Eq.2-94)

enthalpy per unit mass

heat transfer coefficient

enthalpy at nozzle exit

molar enthalpy of pure i species

tctal stagnation enthalpy per unit mass
total impulse

specific impulse

optimum sj ccific impulse
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aves wg o wall roughness

equilibrium constant for partial pressures, for k-th reaction

characteristic length of nozzle
Mach namber

total mas:. flow rate (mas/sec)
mags injection rate

reciprocal of the average molecular weigit of mixture

1]
o1 =

ny

.
il
[

unit vector normal to surface

number of moles of i species per unit mass of mixture
number of condensed particles per unit volume
Nusselt number

duct perimeter

pressure; average free stream static pressure
ambie " pressure

chambver pressure

pressure just inside exit plane

injection pressure

Prandt! number, pc 2

stagnation pressure

heat flux from gas to wall

total heat added per second

gas constant per unit mass

particle radius; radial cc-rdinate

universal gas constant

Reynolds numoer based on pipe diameter, p vD/pu
nozzle exit radius

throat radius
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radius of curvature of the nozzle at throat

entropy per unif mass §
Schmidt number

molar entropy of pure i species at 1 atm nregsure
absolute temperature

time

mean temperature in boundary layer

burping time

chamber temperature

jet temperature

surface temperature

stagnation (total) temperature

internal energy per unit mass

velocity

axial compenent of velocity at exit plane; exhaust velocity
gas velocity at nozzle exit

velocity of injectant normal to wall at port exit
asymptotic flow velocity of injectant
condensed-phase velocity at nozzle exit

total work done per second

axial position

mole fraction of i species

expansion cone half angle of nozzle divergent section

dimensionless proportionality factor between side force and
momentum flow rate (Eq.2-94)

ratio of specific heats, c,/c,
heat transfer potential
gradient operator (vector)
divergence

displacement thickness

i
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Subscripts

C
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thickness of iusulating material
mass flow fraction of condensed phase
surface emissivity

divergence angle

thermal conductivity of wall material
viscosity coefficient of gas
chemical potential of species i

stoichiometric coefficient for species 1 appearing as a reactant
in reaction k

stoichiometric coefficient for species i appearing as a product
in reaction k

number of atoms of kind k in molecule of type i

density

specific gravily of wall material or of condensed particles
stagnation densi‘y

Stefan-Boltzmann constant

dimensionless lag paraueter (Eq.2-78)

shear stress per unit area on wall

shock angle

flow deflection angle

symbol for 2 chemical compound
combusticn chamber length

mo!_cular weight of reaction products

chamber condition
exit condition; also chemical equilibrium

gas property; free stream conditions
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stagnation conditions
condensed-phase property
throzt condivions

conditions of gas at wall

e —
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Nozzle Flow and Characteristic Parameters

1 Quasi-One-Dimensional Theory - Isentropic Expansion

1.1. Introduction

The quasi-one-dimensional theory of compressible fluid flow provides the basis for
evaluatirg and comparing the performance of rocket motors of all kinds. Applica-
tion of the theory to the process of conversion of heat to ordered kinetic energy of
the propulsive fluid, which occurs in the rocket nozzle, produces relationships be-
tween motor performance and properties of the propellants and of the motor design.
These relationships are conveniently expressed in terms of formulas for a number
of characteristic parameters that rocketl engineers traditionally use in the selection
and design of rocket systems. The formulas for the characteristic parameters
are derived in this section.

To understand the finer details of the following development, the reader must have
knowledge of thermodynamics and of some of the elements of fluid mechanics, (1),
(2), (3), (4). However, a thorough knowledge of the material contained in these
references is not an essential prerequisite for gleaning the principal points of the
following discussion.

The quasi-one-dimensional theory is an idealization of the full equations of aero-
thermochemistry. The idealization is useful in that it provides a sufficient basis
for an approximate discussion of rocket motor performance. For more accurate
and more detailed analyses of rocket and nozzle performance, it is necessary to
consider phenomena that cannot be described within the frame work of the idealizeda
theory. The non-ideal phenomend that are important in the nozzle flow for solid-
propellant rockets are considered in the later sections of this chapter. The full
equations of aerothermochemistry, that are needed for accurate analyses of the
combustion and flow processes in solid-prupellant rockets, are developed in Chap-
ter 8.

The quasi-one-dimensional theory describes flow in a duct or channel and is based
on the assumptions that the flow is steady in time and that flow properties are uni-
form across every cross section of the duct. Neither of these basic assumptions
is exactly true; for examp'e, viscous phenomena force the flow velocity to approach
zero at the solid wall of » duct, regardless of how large the velocity in the center of
the duct is. Therefore, at best the quasi-one-dimensional theory is applicable only
to average flow variables, space averages (over a cross section) in all cases and
time averages as well if the flow is unsteady or turbulent. Exactly how these aver-
ages are to be computed from local, instantaneous flow variables is a subjzct that
has received a considerable amount of study but has not been resolved completely.
An approach to one aspect of this problem may be found in Ref. (3), pp. 87-89 and
pp. 157-159; a ditferent approach to another aspect of the problem is given in Ref.
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(5).  In spite of these imprecisions associated with the basis of the quasi-one-
dimenscional conservation equations, the equations are often quite useful in practical
problems and even in basie problems in fluid dynamics, yielding reasonably good
agreement with experiment and reproducing most of the essential results of much
nore sophisticated analyses that are based on considerably more complex equations.
Furthermore, the equations can often be improved by introducing correction facters
to aceount in an approximate way for nor-quasi-one-dimensionality. We proceed
now {¢ develop and use Lite quasi-one-dimensional flow equation,

1.2. Derivation of Quasi-One-Dimensional Equations

It is convenient to adopt the control volume illustrated in Fig. 2-1i. At the axial
position x, the cross-sectional area of the duct or channel is A, the density is p
the pressure ic p, the velocity is v, the internal energy per unit mass is u, and the
enthalpy per unit mass is h. At position x + dx, these quantities will have changed
toA +dA,p +dp, p+dp, v +dv, u +d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>